Abstract. Zero dimensional graphene quantum dots (GQDs) exhibit interesting physical and chemical properties due to the edge effect and quantum confinement. As the number of carbon atoms in edge is more than on basal plane, GQDs are more reactive. Room temperature XRD pattern confirms the formation of the GQDs. UV-Visible spectra confirm that GQDs show optical absorption in the visible region. The emission peaks in the photoluminescence spectra are red shifted with the increase of excitation wavelength. Dynamic light scattering (DLS) analysis shows that the average size of the particles is found to be ~65 nm. The frequency dependent electrical transport properties of the GQDs are investigated in a temperature range from 300 to 500 K. Most interestingly, for the first time, the insulator to semiconductor transition of GQD is observed near 400K. The transition mechanism of GQD is discussed with detailed dielectric analysis. The effects of intercalated water on temperature dependent conductivity are clearly discussed. The dielectric relaxation mechanism is explained in the framework of permittivity, conductivity and impedance formalisms. The frequency dependent ac conductivity spectra follows the Jonscher's universal power law. Cole-Cole model is used to investigate the dielectric relaxation mechanism in the sample.
INTRODUCTION
Graphene quantum dots (GQDs), a new kind of quantum dots, have attracted extraordinary attention in current research on nanoscience and nanotechnology due to their outstanding properties, such as high surface area, good solubility, very poor cytotoxicity, stable fluorescence and adjustable bandgap [1] . These properties recommend GQDs for applications in bio imaging [2] [3] [4] [5] [6] [7] , bio-and metal sensing [8] [9] [10] [11] [12] , photovoltaic [13] [14] [15] , and photo catalysts [16] [17] etc. On the other hand, GQDs having size in nanometer scale with sp 2 -sp 2 carbon bonds show characteristic properties such as size dependent quantum dots (QDs) [18] [19] [20] . Most applications of GQDs are focused on the photoluminescence (PL)-related fields since it shows different PL spectra for different size of the particles. Again, due to their small size GQDs are well dispersible in different organic solvents. Modifying the different organic solvents and synthesis procedure, different kind of PL color can be observed, which indicates the changes in the band gap. Recently, additional excellent properties of GQDs such as high transparency and high surface area have been proposed for energy storage applications. Because of its large surface area, electrodes using GQDs are applied to capacitors [21] and batteries [22] [23] , and the conductivity of GQDs is higher than that of graphene oxide (GO) [24] . Despite of these efforts, there are some important challenges for studies on the electrical properties of GQDs. For example, a detailed study of the effect of temperature on conductivity and dielectric properties is still absent. Moreover, the roles of intercalated water in GQDs essentially need for exact clarifications. Most interestingly, we have studied the dielectric spectroscopy in wide temperature interval to investigate temperature dependent electrical properties of GQDs. Again, the insulator to semiconductor transition in GQDs has been reported for the first time and the transition mechanism has been clearly demonstrated by analyzing Cole-Cole model.
EXPERIMENTAL Synthesis
GQDs were prepared by simple pyrolysis of citric acid [24] with some modifications. Five grams of citric acid were heated and melted at 338 K -343 K temperature. This melted citric acid was converted into dark orange color within 25 -30 min. Then this dark citric acid solution was kept at room temperature. 2 M solution of NaOH was added drop wise in the melted dense solution of citric acid at room temperature. PH of the solution was tested for several times. Finally, the GQDs are prepared at PH level 11. Drying of this GQDs solution was a very important step. The temperature of the solution was increased slowly and was dried at temperature ~323K. GQDs were collected in powder form in a container.
FIGURE 1: Formation of Graphene Quantum Dots (GQDs)

Measurement
Room temperature X-ray diffraction (XRD) pattern of the sample is carried out from Bragg angle 2θ = 10 0 to 40 0 with the Rigaku Miniflex II diffractometer having Cu-Kα radiation (λ = 0.1542 nm). The Dynamic Light Scattering (DLS) spectrum was recorded by Malvern Zetasizer Nano ZS. The UV-Visible spectrum of the materials was collected at room temperature using UV-Vis spectrophotometer (Shimadzu UV 2401Pc). The photoluminescence (PL) spectra of GQDs were taken by JASCO FP-8500. Impedance spectroscopy of GQDs was performed in the temperature range 300K to 500K and the frequency range from 45 Hz to 5 MHz of the oscillating voltage of 1.0 V utilizing an LCR meter (HIOKI -3532, Japan). Eurotherm 818p programmable temperature controller was used to control the furnace temperature with an accuracy of ±1 K. Before the experiment, the flat surfaces on both sides of the pellet were cleaned properly and contacts were made from the thin silver paste. [1] . The d value of GQDs is broader than graphite which suggests more oxygen containing functional group attached to GQDs [2] . Furthermore, the d value of GQDs is less than graphene oxide which could be explained that the functional groups are attached to the edges of GQDs rather than the basal plane [2] . However, the absence of a sharp peak in the XRD pattern of GQDs is due to the disorder structure of GQDs. This conclusion confirms about the presence of oxygenated functional groups which can play the considerable effect in the microstructure of GQDs [7] . FIGURE 3 shows the dynamic light scattering (DLS) spectra of as synthesized GQDs. The spectra confirm that the average size of GQDs is approximately 66.82 nm. 
RESULTS AND DISCUSSIONS
Structural Analysis
Optical Analysis
FIGURE 4 (a) shows the Photoluminescence (PL) spectra of GQDs with excitation wavelength ranges from 440 nm to 480 nm. GQDs exhibit clear excitation dependent PL behavior. It is seen that PL peak shifts towards higher excitation wavelength with decreasing intensity. At 440 nm excitation PL spectrum shows a strong peak at 513 nm.
UV-visible absorption spectrum was used to determine the band gap of the GQDs and the obtained results are shown in FIGURE 4 (b). The band gap is determined using the Tauc relation [26] , (αhυ) 1/n =C(hυ-Eg), where Eg = Band gap, α is the optical absorption coefficient, h is the Planck constant, ν is the frequency of light photons, C = constant, n depends on the type of transition (n = 1/2 for direct allowed transition, n = 2 for indirect allowed transition, n = 3/2 for direct forbidden transition, n = 3 for indirect forbidden transition). The value of the optical band gap (already indexed) for the direct optical transition is found to be 2.82 eV for GQD. 
ELECTRICAL IMPEDANCE ANALYSIS
Conductivity analysis
Ac conductivity spectra are an important tool to study the electrical conduction mechanism in the synthesized GQDs. FIGURE 5 (a) shows the frequency dependent ac conductivity spectra of GQDs in various temperature regions. In the conductivity spectra, there are two distinct regions, region I is the frequency independent part (plateau region), i.e. dc conductivity ( ) and region II is dispersion region, where the ac conductivity increases with the increasing frequency. The variation of conductivity can be explained by the well-known Johnscher's power law [27] .
Here, ω (=2πf) is the angular frequency, the coefficient A and the exponent n (0 < n < 1) are the temperature and material dependent constants. The values of the fitted parameters are listed in TABLE1. FIGURE 5 (b) shows the variation of logarithmic dc conductivity with increasing temperature. Above 380 K the GQDs shows insulating behavior and below it semiconductor behavior. At room temperature, the water molecules intercalated in the microstructure of GQDs are immobile. As the temperature increases, water molecules absorb heat and slowly become mobilized. Then, the water molecule starts to disappear from the microstructure of GQDs and then the conductivity increases. Again in the semiconductor region, there appears slight fluctuations of conductivity with respect to temperature due to some functional group at the edge in GQDs. 
Dielectric Relaxation
FIGURE 6 (a) shows the frequency dependent dielectric constant (ɛ') in the temperature range from 300 K to 500 K. At low frequency permanent dipoles align along the field direction and dielectric constant is high. After that it decreases with increasing frequency and becomes constant at high frequency because electric dipoles can no longer follow the applied electric field at high frequency region. Again, the dielectric constant increases with temperature as the conductivity increases due to removal of intercalated water molecules in the GQDs.
According to Cole-Cole model complex dielectric constant ( * ) can be written as * = (
Where ′ is the real part of * , ′′ is the imaginary part of * , is the static dielectric constant, ∞ is the value of dielectric constant at infinity. ( − ∞ ) is called dielectric strength, is the mean relaxation time and α is the degree of the distribution time which varies from 0 to 1 (α = 0 corresponds to standard Debye relaxation). From above equation we evaluate the value of ɛ' as
A moderately good fitting of the experimental data using equation ( The value of α is zero for an ideal Debye relaxation. Here α > 0, which leads to a broader peak than a Debye peak. The relaxation peaks develop in the loss tangent (tanδ) at the dispersion region of ε' is shown in the FIGURE 6 (b). The peak position in tanδ shifts to the high frequency side with increasing temperature. At high temperature rate of polarization is high and relaxation occurs at high frequency.
Impedance spectra FIGURE 7 (a) shows complex impedance plane plots for GQDs at different temperatures from 300 K to 500 K. For every temperature, there exists only one semicircular arc which indicates one type of relaxation process to the charge transport of GQDs. Due to the non-ideal behavior of capacitance, the center of the semicircles is found depressed below the real axis. An RC equivalent circuit is replaced by a constant phase element (CPE) to accommodate the non-ideal behavior of the capacitance. The capacitance of CPE can be written as CCPE = Q 1/n R (1-n)/n , where n estimates the non-ideal behavior. The value of n is zero for the ideal resistance and unity for the ideal capacitance. Here R and Q are the resistance and constant phase element, respectively. The solid lines in Fig. 8 represent the fitting to the electrical equivalent circuit and the fitted parameter R, Q and n were obtained for different temperatures are listed in TABLE 3. there are some immobile water molecules in the GQDs, the capacitance of GQDs is almost equal from 300 K to 400 K. The capacitance increases rapidly above 400 K due to removal of water molecules from the microstructure of GQDs.
CONCLUSION
For the first time, an in situ measurement was designed to investigate the electrical property evolution of GQDs at a temperature range bet 300 K to 560 K. A clear insulator to semiconductor transition was demonstrated. The insulator-semiconductor transition was observed at about 400 K and the detailed transition mechanism was confirmed by dielectric properties and microstructure analyses. Our work on GQDs provides a comprehensive understanding of the electrical properties, structures and chemical bonds of GQDs. Considering the unique properties of GQDs; this progress may be very useful for quality improvement in the fabrication of flexible electronic devices etc.
